Transforming growth factor-␤ (TGF-␤) signaling is controlled by a variety of regulators, of which Smad7, c-Ski, and SnoN play a pivotal role in its negative regulation. Arkadia is a RING-type E3 ubiquitin ligase that targets these negative regulators for degradation to enhance TGF-␤ signaling. In the present study we identified a candidate human tumor suppressor gene product RB1CC1/FIP200 as a novel positive regulator of TGF-␤ signaling that functions as a substrate-selective cofactor of Arkadia. Overexpression of RB1CC1 enhanced TGF-␤ signaling, and knockdown of endogenous RB1CC1 attenuated TGF-␤-induced expression of target genes as well as TGF-␤-induced cytostasis. RB1CC1 down-regulated the protein levels of c-Ski but not SnoN by enhancing the activity of Arkadia E3 ligase toward c-Ski. Substrate selectivity is primarily attributable to the physical interaction of RB1CC1 with substrates, suggesting its role as a scaffold protein. RB1CC1 thus appears to play a unique role as a modulator of TGF-␤ signaling by restricting substrate specificity of Arkadia.
Transforming growth factor-␤ (TGF-␤) is a multifunctional cytokine that regulates various cellular responses, including growth, motility, differentiation, and apoptosis in a wide variety of target cells. TGF-␤ binds to two different types of serine/ threonine kinase receptors, type I and II, and induces the formation of heterotetrameric complexes consisting of two type II receptors and two type I receptors on the cell surface (1) (2) (3) . Type II receptor kinase, which is constitutively active, phosphorylates type I receptor kinase in the glycine/serine-rich domain (GS domain) and activates it. Type I receptor kinase then predominantly transmits signals through a group of cyto-plasmic signaling mediators termed Smads. Smad2 and Smad3, which are TGF-␤-specific receptor-regulated Smads (R-Smads), are phosphorylated by type I receptor and form a complex with Smad4, a common Smad. The Smad complexes then translocate into the nucleus (4) where they regulate transcription of target genes in cooperation with transcriptional activators and/or repressors (5) .
TGF-␤ signaling is regulated by various cytoplasmic as well as nuclear proteins through physical interactions and posttranslational modifications, including phosphorylation, ubiquitylation, SUMOylation, and acetylation. Smad7, an inhibitory Smad, competitively inhibits R-Smad phosphorylation by binding to activated type I receptor (6 -8) . c-Ski and SnoN, which are nuclear co-repressor proteins of the Ski family, inactivate the activated Smad complexes through physical interaction (9, 10) . Several HECT-type E3 ubiquitin ligases are reported to be involved in the regulation of TGF-␤ signaling (11) . Active type I receptor is down-regulated by the cooperative action of Smurf1 or Smurf2 with Smad7 through ubiquitylation and subsequent proteasomal degradation (12, 13) . WWP1/Tiul1 and NEDD4 -2 also have similar functions in down-regulation of active type I receptor (14, 15) . In addition, Smurfs and WWP1/ Tiul1 down-regulate Smad proteins in a signaling-or cofactordependent fashion (16 -20) . Other types of E3 ligases, including an SCF ubiquitin E3 ligase complex ROC1-SCF Fbw1a (21) , a U-box ubiquitin E3 ligase CHIP (22) , and a RING-type E3 ligase Ectodermin (23) , are also involved in the degradation or inactivation of Smad proteins. All these E3 ubiquitin ligases downregulate TGF-␤ signaling. Arkadia, which up-regulates TGF-␤ signaling, is the sole exception (24, 25) .
Arkadia was originally identified as a protein essential for the induction of the mammalian node (26) and was subsequently shown to enhance Nodal signaling during embryonic development (27) . We and others previously found that Arkadia is a RING-type ubiquitin ligase that targets negative regulators of TGF-␤ signaling, Smad7, c-Ski, and SnoN to enhance TGF-␤ signaling (24, 25, 28 -30) . Recently we found that Arkadia ubiquitylates adaptor protein-2 to enhance epidermal growth factor receptor signaling, indicating possible involvement of Arkadia in the regulation of other signal transduction pathways (31, 32) . However, unlike the Smurf family E3 ligases (33) (34) (35) , regulation of Arkadia function is not well understood, except for a study reporting that Axin1 functions as a scaffold protein to promote Smad7 degradation by Arkadia (36) .
In this study we employed a yeast two-hybrid system to identify proteins that interact with Arkadia and identified RB1-inducible coiled-coil 1 (RB1CC1), 2 also termed focal adhesion kinase interacting protein of 200 kDa (FIP200), as a novel Arkadia-binding protein. We found that RB1CC1 enhances TGF-␤ signaling by acting as a cofactor of Arkadia. Notably, RB1CC1 preferentially enhances ubiquitylation of c-Ski by Arkadia, whereas Axin1 exclusively enhances Arkadia-dependent ubiquitylation of Smad7. Our findings indicate that the E3 ligase activity of Arkadia is regulated by cofactors with distinct substrate preferences.
EXPERIMENTAL PROCEDURES
Yeast Two-hybrid Screening-The yeast two-hybrid screening was performed as described previously (31) .
Cell Culture-HEK293, HEK293T, COS7, and HaCaT cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin G, and 100 g/ml of streptomycin. Cells were grown in a 5% CO 2 atmosphere at 37°C.
cDNA Constructs and Chemicals-Mouse Arkadia cDNA and C937A mutant (Arkadia-CA) were as described (24) . Other Arkadia mutants have been described previously (28) . Human RB1CC1 cDNA was described previously (37) . RB1CC1 deletion mutants were constructed using a PCR-based method. cDNA for a constitutively active form of TGF-␤ type I receptor (ALK-5-TD), mouse Smad7, and human ubiquitin (Ub) were as previously described (24) . cDNA for c-Ski, mutants of c-Ski, and SnoN were prepared as described (28) . Rat Axin1 cDNA was a kind gift from Dr. M. Kato. TGF-␤3 was from R&D Systems (Minneapolis, MN). A44-03, an ALK-4/5/7 inhibitor, is a dihydrochloride salt form of A-77-01 (38) .
Cell Fractionation-Subcellular fractionation of HEK293 and HaCaT cells was performed using NE-PER nuclear and cytoplasmic extraction reagent (Pierce/Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol.
Transfection of cDNAs, Immunoprecipitation, and Immunoblotting-Transfection of DNA was performed using FuGENE 6 (Roche Diagnostics) according to the manufacturer's recommendations. Cell lysates were prepared in Igepal CA630 lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal CA630, 1 mM phenylmethylsulfonyl fluoride, and 100 units/ml aprotinin). Radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton-X100, and protease inhibitors (P8340, Sigma) was also used in some experiments to detect endogenous protein expression. After centrifugation, protein concentrations of cell lysates were quantified using a DC protein assay kit (Bio-Rad). For some experiments, cells were treated with 10 M lactacystin (Kyowa Medex, Tokyo, Japan) for 6 h or 50 M MG132 (Peptide Institute, Osaka, Japan) for 4 h before harvesting to inhibit proteasomal degradation. For immunoprecipitation, cell lysates and antibodies were incubated between 2 h and overnight. Immune complexes were then precipitated with protein A/G-Sepharose beads or Dynabeads-M280 sheep antimouse IgG (Dynal/Invitrogen) and washed four times with lysis buffer. SDS-PAGE and immunoblotting were performed as described (39) . Stripping and re-probing of blotted membranes were performed using stripping buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 0.8% 2-mercaptoethanol; for transfection experiments) or Restore Western blot stripping buffer (Pierce; for endogenous proteins). We used ImageJ software to quantify immunoblot data. All quantification data were obtained from the image files acquired using an LAS-3000 mini luminoimage analyzer (Fuji Film, Tokyo, Japan).
Antibodies-Anti-RB1CC1 antibody was prepared by immunizing a rabbit with human RB1CC1 (amino acid residues 1247-1396) expressed as a fusion protein with glutathione S-transferase (GST). Anti-Arkadia antibody (#62) was raised against mouse Arkadia (amino acid residues 1-203) as described previously (24) and used for immunoblotting. Commercially available antibodies used were as follows: mouse anti-FLAG (M2) (Sigma), anti-␣-tubulin (DM1A) (Sigma), goat anti-Smad6/7 (N19) (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Arkadia (H16) (Santa Cruz Biotechnology; for immunoprecipitation), rabbit anti-phospho-Smad2 (138D4, Cell Signaling Technology, Danvers, MA), anti-Axin1 (Cell Signaling Technology), anti-histone deacetylase 1 (Upstate Biotechnology/Millipore Corp., Billerica, MA), anti-SnoN (H-317) (Santa Cruz Biotechnology), mouse anti-HA (Invivogen, San Diego, CA), anti-c-Ski (G8) (Cascade Bioscience, Winchester, MA), anti-RNF111 (Arkadia) (Abnova, Taipei, Taiwan; for immunoblotting of human Arkadia), and anti-myc (9E10) (BD Pharmingen). Normal mouse IgG 1 (MB002) (R&D Systems), normal goat IgG (500-G00) (Peprotech, London, UK), and normal rabbit serum (S-5000) (Vector Laboratories, Burlingame, CA) were used as controls.
GST Pulldown Assay-The C-terminal region of RB1CC1 (amino acid residues 1397-1594) was expressed as a fusion protein with GST. Arkadia or c-Ski was expressed using TNT Quick Coupled Transcription/Translation System (Promega, Madison, WI). The pulldown assay was performed as described previously (40) .
Luciferase Assay-A luciferase reporter assay was performed as described previously with only minor changes (24) . For normalization, pGL4.75-SV40-hRluc was used. (CAGA) 9 -MLP-Luc2 was derived from (CAGA) 9 -MLP-Luc (41) by replacing the plasmid backbone from pGL3 to pGL4.
RNA Interference and Oligonucleotides-Stealth small interfering RNAs (siRNAs) were purchased from Invitrogen as follows: human Arkadia (sense, 5Ј-GCAGAGGAAGAAACG-AGAAGUGUUA-3Ј), RB1CC1 #1 (sense, 5Ј-CCUGGACCAG-AUGAUUGCUAGCUGU-3Ј), RB1CC1 #2 (5Ј-CCGAGUUA-AUUAGUAGACAUGAAGA-3Ј), Axin1 (sense, 5Ј-GGCAGC-UACAGAUACUACUUCAAGA-3Ј), Smad7 (sense, 5Ј-AGA-AGAAGUUGGGAAUCUGAAAGCC-3Ј), and control oligos (12935-112, sequence not available). siRNAs were introduced into HEK293, HEK293T, or COS7 cells using Lipo-fectamine2000 reagent (Invitrogen) according to the manufacturer's instructions with 100 -120 pmol of siRNA/well of 6-well tissue culture plates. For transfection of siRNAs into HaCaT cells, Lipofectamine RNAiMAX (Invitrogen) was used.
Quantitative Real-time PCR Analysis-Total RNAs were extracted using TRIzol (Invitrogen). First-strand cDNAs were synthesized using PrimeScript reverse transcriptase (Takara Bio, Shiga, Japan) and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers (Invitrogen). Quantitative real-time PCR analysis was performed using Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) and the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Detected signals were confirmed as specific by a dissociation protocol. Primers used for quantitative real-time PCR were as follows: human p21 WAF (sense, 5Ј-CGGCAGACCAGCATGACAGA-3Ј; antisense, 5Ј-GAAGATCAGCCGGCGTTTG-3Ј); p15 INK4b (sense, 5Ј-GGTAATGAAGCTGAGCCCAGGT-3Ј; antisense, 5Ј-GATA-ATCCACCGTTGGCCGTA-3Ј); PAI-1 (sense, 5Ј-GGCTGA-CTTCACGAGTCTTTCA-3Ј; antisense, 5Ј-ATGCGGGCTG-
Thymidine Incorporation Assay-Cells were seeded at a density of 2.0 ϫ 10 4 cells/well in 24-well plates and transfected with siRNAs. Two days after transfection cells were stimulated by the addition of TGF-␤ into the medium containing 0.1% FBS. Thirty-six hours later cells were labeled with 0.6 Ci/ml [ 3 H]thymidine (PerkinElmer Life Sciences) for 2 h. Radioactive DNA in the cells was precipitated using 5% trichloroacetic acid, solubilized with 1 N NaOH and quantified using liquid scintillation counting.
Pulse-chase Assay-Twenty-four hours after transfection, COS7 cells were starved in methionine/cysteine-free DMEM for 3.5 h, labeled with [ 35 S]methionine/cysteine for 10 min, and chased in DMEM supplemented with 10% FBS, 2 mM methionine, and 0.5 mM cysteine.
Statistical Analysis-For the quantitative real-time-PCR experiments, luciferase reporter assays, and the thymidine incorporation assay, results are expressed as the means. Error bars represent the S.D. The Tukey-Kramer test of R program was used for multiple comparisons of data. p values of less than 0.01 were considered to indicate significance of the experiment.
RESULTS

Identification of RB1CC1 as an Arkadia-binding Protein-
Arkadia is an E3 ubiquitin ligase that enhances TGF-␤ family signaling by targeting Smad7, c-Ski, and SnoN (24, 25, 28, 29) . To identify novel substrates or regulators of Arkadia, we performed yeast two-hybrid screening of a human lung cDNA library using full-length Arkadia as bait. We isolated 342 positive clones from 1.6 ϫ 10 6 transformants. Among the positive clones, we identified four encoding partial sequences of RB1CC1, a protein with 1594 amino acid residues (37, 42) that is widely expressed among various tissues and cell lines (supplemental Fig. S1 ). The clones encoded amino acid residues 1384 -1594 or 1220 -1594 of RB1CC1 ( Fig. 1A) . Physical interaction of full-length RB1CC1 with Arkadia was confirmed in HEK293T cells exogenously expressing differently tagged proteins ( Fig. 1B ). Co-precipitation of Arkadia with RB1CC1 was comparable to that with Smad7.
Immunocytochemical analyses have previously revealed that RB1CC1 is located in the cytoplasm (42) or in the nucleus (43) . We conducted subcellular fractionation of HEK293 cells as well as HaCaT cells and examined the distribution of endogenous Arkadia and RB1CC1. Arkadia was found to be located primarily in the nucleus (31) . In contrast, RB1CC1 was predominantly observed in the cytoplasm as well as in the nucleus (Fig. 1C ). We then examined the interaction of endogenous Arkadia and RB1CC1 and detected RB1CC1 in the immunoprecipitates obtained using an anti-Arkadia antibody (Fig. 1D ). We thus identified RB1CC1 as a novel binding protein of Arkadia.
We confirmed their direct interaction using bacterially expressed RB1CC1 (amino acid residues 1397-1594) and in vitro translated Arkadia ( Fig. 1E ). We also observed that the localization as well as the interaction of RB1CC1 and Arkadia was not affected by TGF-␤ signaling (data not shown).
To determine the Arkadia binding region in RB1CC1, we constructed a series of C-terminal-truncated mutants of RB1CC1 ( Fig. 2A ) and examined their interaction with Arkadia ( Fig. 2B ). An RB1CC1 mutant lacking residues 1397-1594 failed to interact with Arkadia, suggesting that this region is essential for the binding. This finding together with the observation that a C-terminal fragment of RB1CC1 (residues 1384 -1594) interacted with Arkadia in the yeast two-hybrid system indicates that the C-terminal region of RB1CC1 is necessary and sufficient for interaction with Arkadia.
We next mapped the RB1CC1 binding region in Arkadia. For this, we divided Arkadia into small units ( Fig. 2C ) and examined their interactions with RB1CC1. The C-terminal region (residues 772-936) of Arkadia was found to interact with RB1CC1 ( Fig. 2D ). Because Arkadia interacts with its substrates through this region (28), we examined whether RB1CC1 is a substrate of Arkadia E3 ubiquitin ligase. We did not detect significant ubiquitylation of RB1CC1 by Arkadia (data not shown), suggesting that RB1CC1 is not a substrate but may be a cofactor of Arkadia. We, therefore, examined the possibility that RB1CC1 affects TGF-␤ signaling.
RB1CC1 Is a Novel Positive Regulator of TGF-␤ Signaling-The effect of RB1CC1 on TGF-␤ signaling was examined using luciferase reporter assays. Overexpression of RB1CC1 enhanced transactivation of a TGF-␤-responsive luciferase reporter (CAGA) 9 -MLP-Luc2 induced by a constitutively active TGF-␤ type I receptor (ALK-5-TD) ( Fig. 3A) . Moreover, when RB1CC1 was co-expressed with Arkadia, luciferase reporter activity was synergistically increased (Fig. 3A) .
To examine whether endogenous RB1CC1 exhibits positive effects on TGF-␤ signaling, we knocked down RB1CC1 in HEK293 cells by transfecting siRNA duplex ( Fig. 3B ). Knockdown of endogenous RB1CC1 resulted in decreased transactivation of (CAGA) 9 -MLP-Luc2 induced by TGF-␤ ( Fig. 3C ). We also examined the effects of RB1CC1 knockdown in HaCaT cells on cellular responses induced by TGF-␤. Induction of genes, including plasminogen activator inhibitor-1 (PAI-1), Smad7, p21 WAF , p15 INK4b , and SnoN, by TGF-␤ was reduced, whereas the basal expression levels of these genes were minimally affected (Fig. 3D ). TGF-␤-induced inhibition of DNA synthesis was also attenuated by knockdown of RB1CC1 (Fig.  3E ). These findings suggest that endogenous RB1CC1 functions as a positive regulator of TGF-␤ signaling.
We next determined the region of RB1CC1 required for the enhancement of TGF-␤ signaling using the C-terminal-truncated mutants. We found that a mutant lacking residues 1397-1594 failed to enhance TGF-␤-induced reporter activity of (CAGA) 9 -MLP-Luc2 ( Fig. 3F) , indicating that the C-terminal region is required for the interaction with Arkadia and also for enhancing TGF-␤ signaling. Because the C-terminal region of RB1CC1 appears to contain no conserved functional motifs, it was anticipated that the interaction with Arkadia is important for enhancing TGF-␤ signaling by RB1CC1. Consistently, the enhancement of TGF-␤ signaling by RB1CC1 was considerably attenuated when Arkadia was knocked down (Fig. 3G) .
RB1CC1 Down-regulates c-Ski and Smad7-To examine the role of RB1CC1 in regulation of Arkadia function, we knocked down endogenous RB1CC1 and measured the resulting protein expression of Arkadia substrates i.e. Smad7, c-Ski, and SnoN in HaCaT cells ( Fig. 4A ). As references, Arkadia and Axin1, another cofactor of Arkadia (36) , were also knocked down. Smad7 expression was weakly induced in response to TGF-␤ stimulation (Fig. 4A, lanes 2 and 3, and Ref. 7) . Although knockdown of RB1CC1 attenuated the induction of Smad7 mRNA (Fig. 3D ), Smad7 protein expression was enhanced by RB1CC1 knockdown (Fig. 4A, lanes 4 -6) . Endogenous RB1CC1 thus appears to down-regulate Smad7 protein. Up-regulation of Smad7 protein was also observed after knockdown of Arkadia (lanes 7-9) or Axin1 (lanes 10 and 11) .
When HaCaT cells were cultured in the presence of A44-03, an inhibitor of TGF-␤ type I receptor kinase, protein expression of c-Ski and SnoN was significantly up-regulated (Fig. 4A, lanes  1 and 2) . Endogenous TGF-␤ signaling thus appears to downregulate c-Ski and SnoN under the culture condition used in this study, which is consistent with a previous report stating that c-Ski and SnoN proteins are down-regulated in response to TGF-␤ (44) . In the presence of A44-03, c-Ski accumulated after the knockdown of RB1CC1, whereas SnoN did not (Fig.  4A, lanes 1 and 4) . Similarly, knockdown of Arkadia caused accumulation of c-Ski but not SnoN (Fig. 4A, lane 7) , whereas knockdown of Axin1 resulted in accumulation of neither of these proteins (lane 10). These findings indicate that RB1CC1 and Arkadia are involved in the down-regulation of c-Ski in resting states. In the presence of TGF-␤ signaling, however, c-Ski was down-regulated even when RB1CC1 was knocked down (Fig. 4A, lane 2 and 3 and lanes 5 and 6) , suggesting that c-Ski is down-regulated through an RB1CC1-independent mechanism after TGF-␤ stimulation. SnoN protein expression was decreased after RB1CC1 knockdown in the presence of TGF-␤ (Fig. 4A, lane 2 and 3 and lanes 5 and 6) probably because SnoN mRNA was down-regulated ( Fig. 3D ). In contrast, knockdown of Arkadia up-regulated the expression of SnoN protein (Fig. 4A, lane 2 and 3 and lanes 8 and 9) , indicating that Arkadia is involved in the down-regulation of SnoN following TGF-␤ stimulation, as reported previously (25) . Thus, RB1CC1 does not control SnoN protein levels in the absence as well as in the presence of TGF-␤ signaling.
We also examined the effect of RB1CC1 on turnover of Smad7, c-Ski, and SnoN. A pulse-chase assay was performed in the cells transfected with siRNA targeting RB1CC1 (Fig. 4B) . Knockdown of RB1CC1 resulted in substantial turnover delay of c-Ski and modest turnover delay of Smad7 but not of SnoN. Endogenous RB1CC1 thus promotes intracellular degradation of c-Ski and Smad7. We concluded that RB1CC1 is involved in down-regulation of c-Ski and Smad7 but not SnoN, among Arkadia substrates that affect TGF-␤ signaling under physiological conditions. RB1CC1 Physically Interacts with c-Ski and Smad7-To elucidate the mechanism underlying the selective down-regulation of c-Ski and Smad7 by RB1CC1, we next examined the physical interaction of RB1CC1 with Arkadia substrates (Fig.  5A ). RB1CC1 interacted with c-Ski and weakly with Smad7, but the interaction with SnoN was at near background level. Target selectivity of RB1CC1 is thus principally attributed to its physical interaction with target proteins. These findings indicate that RB1CC1 plays a role as a cofactor of Arkadia in the downregulation of its substrates through physical interaction both with Arkadia and its substrates. Interestingly, Axin1 exclusively interacted with Smad7, which is consistent with its target specificity. Thereafter we focused on c-Ski to examine how RB1CC1 contributes to the down-regulation of Arkadia substrates as RB1CC1 interacted more strongly with c-Ski than with Smad7.
Endogenous c-Ski was precipitated by anti-RB1CC1 antibody in HaCaT cells (Fig. 5B) , indicating their physical interac- HEK293T cells were transfected with the deletion mutants of RB1CC1 and the Arkadia C937A mutant lacking E3 ligase activity (Arkadia-CA). RB1CC1 was immunoprecipitated, and co-precipitated Arkadia was detected. Expression of Arkadia and RB1CC1 mutants is shown in the two bottom panels. C, Arkadia fragments used for binding assay are schematically presented. Asterisks represent putative nuclear localization signals. A putative RB1CC1 binding region is indicated by a bold arrow. D, mapping of the RB1CC1 binding region on Arkadia is shown. HEK293T cells were transfected with RB1CC1 and various Arkadia fragments. Arkadia fragments were immunoprecipitated, and co-precipitated RB1CC1 was visualized. Expression of each protein is presented in the two bottom panels.
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tion under physiological conditions. We then determined the region responsible for the RB1CC1-c-Ski interaction in transfected HEK293T cells. RB1CC1 interacted with the middle region of c-Ski (211-490) containing a SAND domain (Fig. 5C ) through which c-Ski interacts with Arkadia (28) . Although SnoN also contains a SAND domain, it fails to interact with RB1CC1. The amino acid identity of the SAND domains from c-Ski and SnoN is as low as 50%, which may result in the differential affinity to RB1CC1. Ski principally interacted with the C-terminal region (1397-1594) of RB1CC1 (Fig. 5D ), through which RB1CC1 interacts with Arkadia. These multiple proteinprotein interactions appear to occur in close proximity to each SEPTEMBER 16, 2011 • VOLUME 286 • NUMBER 37
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other. Moreover, we found that bacterially expressed RB1CC1 (amino acid residues 1397-1594) pulled down in vitro translated c-Ski, which was not affected by the co-presence of Arka-dia (Fig. 5E ). These findings indicate that RB1CC1 interacts directly with c-Ski. (Fig. 5, A and B) and accelerates its turnover (Fig. 4B) , we next examined the effect of RB1CC1 on Arkadia-induced ubiquitylation of c-Ski (Fig. 6A) . Ubiquitylation of c-Ski induced by Arkadia was attenuated by knockdown of RB1CC1. Similar results were obtained for Smad7 ubiquitylation induced by Arkadia (Fig. 6B) . These findings indicate that RB1CC1 acts as a cofactor of Arkadia in the ubiquitylation of c-Ski and Smad7.
RB1CC1 Plays a Role as Cofactor of Arkadia in Ubiquitylation of c-Ski and Smad7-Because RB1CC1 interacts with c-Ski
We further examined the possible cooperativity between Arkadia and RB1CC1 in the ubiquitylation of c-Ski (Fig. 6C) and Smad7 (Fig. 6D) . The effects of Axin1, another cofactor of Arkadia, were also examined for comparison. Arkadia, RB1CC1, and Axin1 were ectopically expressed at a low level such that they did not apparently enhance the ubiquitylation of c-Ski or Smad7. Co-expression of Arkadia and RB1CC1 cooperatively enhanced the ubiquitylation of c-Ski, but that of Arkadia and Axin1 did it only marginally (Fig. 6C) . In contrast, coexpression of Arkadia and Axin1 enhanced the ubiquitylation of Smad7, whereas that of Arkadia and RB1CC1 did it only modestly (Fig. 6D ). Cooperativity between Arkadia and RB1CC1 was not observed when an inactive mutant of Arkadia ( Fig. 6C) was used, suggesting that RB1CC1-mediated enhancement of the ubiquitylation of c-Ski and Smad7 is dependent on the E3 ligase activity of Arkadia. These findings indicate that RB1CC1 is an Arkadia cofactor that principally assists the E3 ubiquitin ligase activity of Arkadia on c-Ski, which is distinct from the effects of Axin1 on Arkadia activity.
DISCUSSION
TGF-␤ regulates various processes in a wide variety of target cells to support embryonic development as well as to maintain adult tissue homeostasis. Accumulating evidence suggests that aberrant TGF-␤ signal transduction leads to the progression of various diseases (45, 46) . Elucidation of TGF-␤ signaling should thus provide findings valuable for understanding the pathogenic mechanisms of such diseases. Although the principal pathway of TGF-␤ signaling from the cell membrane to the nucleus has been elucidated (3, 4) , how positive and negative regulators affect TGF-␤ signaling, either singly or cooperatively, in context-dependent fashion is still not completely understood.
Since the identification of the Smad signaling pathway, various negative and positive regulators of this process, which act in the cytoplasm or in the nucleus, have been identified. Interestingly, some positive regulators exhibit effects through modulating the function of negative regulators. For example, TIEG and Foxp3 enhance TGF-␤ signaling through the repression of Smad7 gene expression (47, 48) , AMSH and AMSH2 interact with inhibitory Smads and suppress their effects (49, 50) , and Jab1/CSN5 induce Smad7 degradation (51) . Arkadia induces ubiquitylation and proteasome-dependent degradation of three important negative regulators of TGF-␤ signaling, Smad7, c-Ski, and SnoN (24, 25, 28, 29) . Among these positive regulators, an important function of Arkadia in TGF-␤ family signaling has been genetically demonstrated; that is, Arkadia- 
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deficient mice fail to maintain anterior embryonic structures and lack the node as a result of perturbation of signaling of Nodal, a member of TGF-␤ family (27) . In the present study we found that a cell regulatory protein RB1CC1 is a binding partner of Arkadia and positively controls TGF-␤ signaling through enhancement of the ubiquitin ligase activity of Arkadia.
RB1CC1 Regulates Cellular Responses through Multiple Mechanisms-RB1CC1/FIP200 was first identified as a binding partner of focal adhesion kinase family members including focal adhesion kinase and Pyk2, which inhibits their kinase activities through binding to their kinase domain and suppresses cell spreading and migration (42) . Subsequently, RB1CC1/FIP200 was independently identified as a positive regulator of RB1 gene expression (37) . RB1CC1 is a protein with 1594 amino acid residues, which is characterized by a large coiled-coil region containing a leucine zipper motif, and inter-acts with various cellular proteins through the N-terminal, coiled-coil, or C-terminal region to modulate cellular functions. Previous studies have also shown that RB1CC1 plays important roles in controlling G 1 -S cell cycle progression through up-regulation of p21 WAF together with down-regulation of cyclin D1 (52, 53) , cell size control through the inhibition of the TSC1-TSC2 complex (54, 55) , regulation of TNF-␣induced apoptosis through the modulation of TRAF2-ASK1 signal transduction (56) , and autophagosome formation together with ULK kinases (57) . RB1CC1 is thus regarded as a multifunctional protein that affects distinct cell functions depending on its binding partner as well as cellular contexts (58) .
RB1CC1 as a Cofactor of Arkadia-Interestingly, RB1CC1 enhances the ubiquitin ligase activity of Arkadia in a substratedependent fashion. RB1CC1 facilitates Arkadia-induced ubiq- A lysate of HaCaT cells was subjected to immunoprecipitation using anti-RB1CC1 serum or normal serum (NS) as a negative control followed by immunoblotting with anti-c-Ski (upper panel) or anti-RB1CC1 (lower panel). C, RB1CC1-interacting region in c-Ski is shown. HEK293T cells were transfected with FLAG-tagged c-Ski fragments and 6myc-tagged RB1CC1 as indicated. Cell lysates were subjected to immunoprecipitation using anti FLAG-antibody followed by immunoblotting with anti-myc antibody. D, c-Ski interacting region in RB1CC1 is shown. HEK293T cells were transfected with FLAG-tagged RB1CC1 fragments and 6myc-tagged c-Ski as indicated. Cell lysates were subjected to immunoprecipitation using anti FLAG-antibody followed by immunoblotting with anti-myc antibody. E, shown is direct interaction between GST-RB1CC1 (amino acid residues 1397-1594) and c-Ski. A GST pulldown assay of c-Ski was performed in the presence or absence of Arkadia. Input of GST-fusion protein was visualized by CBB staining. uitylation of c-Ski and Smad7 but not SnoN. Because the selectivity is attributed to physical interactions between RB1CC1 and substrates of Arkadia, it is possible that RB1CC1 may function as a scaffold protein. RB1CC1 interacts with both Arkadia and its substrates at its C-terminal region, which may facilitate the enzymatic reaction through proximity effects or arranging each molecule in a favorable orientation for a reaction to occur. RB1CC1 may also function in the recruitment of another molecule(s) that accelerates the ubiquitylation reaction or elimination of a molecule(s) that inhibits the ubiquitylation reaction. The detailed mechanism by which RB1CC1 promotes Arkadiainduced ubiquitylation remains to be elucidated.
Arkadia also induces ubiquitylation of Smad2 or Smad3 in some cellular situations (59, 60) . Arkadia down-regulates Smad2 when Smad2 is C-terminal-phosphorylated (59) . Arkadia weakly interacts with Smad3 in a signaling-dependent fashion (24) and ubiquitylates Smad3, which is enhanced in the presence of c-Ski (60). RB1CC1 may not enhance ubiquitylation of phospho-Smad2/3 by Arkadia because RB1CC1 fails to interact with phospho-Smad2/3 (data not shown). We did not observe up-regulation of protein level of C-terminal-phosphorylated Smad2/3 after knockdown of RB1CC1 (data not shown). However, the effects of RB1CC1 on protein levels of phosphorylated Smad2/3 remain unclear because knockdown of RB1CC1 down-regulates TGF-␤ signaling, which may result in decreased Smad phosphorylation, thus attenuating the direct effects on the protein levels of phosphorylated Smad2/3. RB1CC1 and Axin1 Have Distinct Roles in Regulation of TGF-␤ Signaling-Axin1, another tumor suppressor gene product, has been reported to function as a scaffold protein in promoting the degradation of Smad7 by Arkadia (36) . Axin1 was originally identified as a scaffold protein involved in negative regulation of Wnt signaling (61) . Axin1 interacts with Arkadia and Smad7 to form a ternary complex and appears to facilitate the ubiquitin ligase activity of Arkadia on Smad7 by ensuring that Smad7 is located in the proximity to Arkadia.
Importantly, Axin1 exclusively affects Smad7, whereas RB1CC1 principally affects c-Ski but not SnoN. These selective effects on Arkadia substrates may account for the differential function of Axin1 and RB1CC1. Axin1 is down-regulated by Wnt signaling through the action of Dvl (62), suggesting that Axin1 plays a role in cross-talk between Wnt and TGF-␤ signaling (36) . Therefore, RB1CC1 and Axin1 have similar but distinct roles in the regulation of TGF-␤ signaling and in cross- talk with other signaling pathways. The contribution of RB1CC1 or Axin1 to Arkadia-induced enhancement of TGF-␤ signaling could thus differ depending on the type of cell as well as cellular contexts.
Although Arkadia has the ability to ubiquitylate Smad7, c-Ski, and SnoN, its effects on the substrates are modified by cofactors. Arkadia is widely expressed at a nearly equivalent level in various cell lines (30) . Cofactors, including RB1CC1 and Axin1, appear to play important roles in the regulation of Arkadia function. Fig. 7 shows a schematic model of how RB1CC1 and Axin1 affect TGF-␤ signaling. At present, the cofactor(s) for ubiquitylation of SnoN remains to be determined. One candidate is phosphorylated Smad3, which has been reported to be required for Arkadia-induced degradation of SnoN (25) .
Role of RB1CC1 in Regulation of Smad Signaling in Health and Disease-Phenotypes of RB1CC1 knock-out mice have previously been reported (56) . Homozygous deletion of RB1CC1 leads to embryonic lethality in mid/late gestation and is associated with heart failure and liver degeneration. Arkadianull mice lack the node and node-derived mesoderm and die in mid-gestation (26) . The earlier embryonic lethality associated with Arkadia deficiency suggests that RB1CC1 is not necessary for Arkadia function in the early stages of embryonic development. It is possible that node formation requires degradation of a substrate(s) of Arkadia other than c-Ski and Smad7. Alternatively RB1CC1 may selectively affect certain subset of TGF-␤ target genes because its effect on expression of Smad7 was less than that on expression of other genes including PAI-1 (Fig.  3D) .
Although RB1CC1 appears to be dispensable for the regulation of Smad signaling during early embryonic development, it may play a role in adults. The RB1CC1 gene is located in chromosome 8q11, which contains several loci of putative tumor suppressor genes (43, 63) . RB1CC1 potently inhibits prolifera-tion of breast cancer cells through up-regulation of p21 WAF (53, 64) , p16 INK4a , and RB1 (64) as well as down-regulation of cyclin D (53) . It is thus considered a candidate human tumor suppressor gene, although a recent report using mice with conditional RB1CC1 deletion in skin has challenged this idea (65) . The TGF-␤-Smad pathway is also thought to have tumor suppressor functions during the early stages of tumorigenesis as TGF-␤ exhibits potent antiproliferative activity in a wide variety of cells. Additionally, mutations of signaling components downstream of TGF-␤ have been identified in tumor tissues (66) . In this study we demonstrated that RB1CC1 is a positive regulator of TGF-␤ signaling under physiological conditions; knockdown of RB1CC1 attenuated expression of target genes as well as cytostasis induced by TGF-␤. Thus, enhancement of TGF-␤ signaling may be one of the mechanisms by which RB1CC1 exerts tumor suppressor functions in vivo.
In conclusion, we have shown that RB1CC1 is a novel positive regulator of TGF-␤ signaling. RB1CC1 modifies the substrate selectivity of Arkadia E3 ubiquitin ligase. Control of the effects of RB1CC1 as well as its relevance to diseases is the next issue to be addressed.
